We assessed the genetic structure of the Mycobacterium tuberculosis population in Estonia with a special focus on major epidemic/endemic clones and drug resistance determinants. We investigated the hypothesis of the decisive impact of massive human influx on the locally circulating genotypes. Estonia received a mass immigration from Russia during 1945-90 followed by enhanced interaction with the EU since 1991.
Introduction
Human immigration is an important factor in transmission of MDR-TB in Western European countries of the EU where such isolates are mainly imported from high-burden regions. In contrast, transmission of local isolates is a major concern for those EU members that used to be a part of the Former Soviet Union (FSU). 1 Estonia is a prime example. According to the WHO estimation for 2015, the median (range) TB incidence (per 100000 persons) in Estonia was 18 (15) (16) (17) (18) (19) (20) (21) , compared with 80 (69-92) in Russia and 41 (35-47) in Latvia. The incidence of MDR-TB (per 100000) in Estonia was 5.4 (3.8-7) , which is similar to Latvia A high prevalence of the Mycobacterium tuberculosis isolates of the Beijing genotype (and consequently, a high MDR-TB rate) in Baltic countries was previously linked to massive immigration from Russia during 1945-90. 2 Estonia restored its independence in 1991, following which the human influx from Russia and other post-Soviet countries was reduced, whereas human exchange with the EU increased. This situation may have led to a certain shift in the population structure of major human pathogens, including M. tuberculosis.
Previous molecular M. tuberculosis studies in Estonia are separated by almost 20 years. 3, 4 Toit et al. 4 concluded that recent TB transmission in Estonia is particularly associated with MDR-and XDR-TB and the Beijing lineage. However, 24-loci typing used in that study may not be discriminatory enough for Beijing types 100-32 and 94-32 to provide unambiguous proof of recent transmission, and some caution in interpretation is required.
In this study, we assessed the genetic structure of the M. tuberculosis population in Estonia, with a special focus on the major epidemic/endemic clones and drug resistance determinants. The results were compared with the reanalysed earlier Estonian studies and were placed within the broader context of emerging epidemic clusters of M. tuberculosis in this part of northern Europe and northern Eurasia, i.e. Russia and other FSU countries.
Methods

Bacterial isolates
The study sample included consecutively isolated M. tuberculosis isolates (n " 96) recovered from 2 January to 30 December 2014 from 96 newly diagnosed patients with TB who were admitted to the North Estonian Medical Centre (Tallinn, Estonia). The survey area of North Estonia includes the capital city of Tallinn and 8 of 15 counties of the country; it represents 70% of the total population and a major part of the TB burden in Estonia. 4 According to the census 2011 data, the total population of Estonia was 1294455 and it was estimated to be 1314000 in 2014 (https://en.wikipe dia.org/wiki/Demographics_of_Estonia).
All samples used in this study were coded and lacked personal information about the patients, particularly names and addresses, to maintain their anonymity. Patient-related data were obtained in an anonymous way from the North Estonian Medical Centre and Estonian Tuberculosis Registry, National Institute for Health and Development; no individual patient information is disclosed in this article.
M. tuberculosis culture, identification and drug susceptibility testing of first-and second-line drugs was performed as recommended. 5, 6 For all drugs, susceptibility testing was performed using Bactec MGIT 960 system (Becton Dickinson, Sparks, MD, USA) according to the manufacturer's instructions. Drugs and their critical concentrations were as follows: 1.0 mg/L streptomycin; 0.1 mg/L isoniazid; 1.0 mg/L rifampicin; 5.0 mg/L ethambutol; 100 mg/L pyrazinamide; 2.0 mg/L ofloxacin; 2.5 mg/L prothionamide; 1.0 mg/L amikacin; 5.0 mg/L kanamycin; and 2.5 mg/L capreomycin. The bacteriology laboratory in the North Estonian Medical Centre is externally quality assured by INSTAND (Düsseldorf, Germany; first-line drug susceptibility testing) and the WHO TB Supranational Reference Laboratory for drug-resistant TB at the Public Health Agency of Sweden, Solna, Sweden (first-and second-line drugs susceptibility testing).
Detection of drug resistance mutations
Rifampicin and isoniazid mutations in genes rpoB, katG and inhA were detected using real-time PCR assay (AmpliTub-MLU-RV; Syntol, Russia). Resistance mutations to ethambutol and second-line drugs in embB, gyrA and rrs were detected using GenoType V R MTBDRsl (Hain Lifescience GmbH, Germany).
Genotyping
DNA was extracted from bacterial cultures using a GenoLyse V R kit (Hain Lifescience). After exclusion of isolates with failed PCR, 93 isolates were analysed. Beijing genotype was detected by PCR of the dnaA-dnaN::IS6110 insertion as described previously. 7 All non-Beijing isolates were subjected to spoligotyping following the macroarray-based standard protocol; 8 the profiles were compared with SITVIT_WEB (http://www.pasteur-guadeloupe. fr:8081/SITVIT_ONLINE/query).
The M. tuberculosis LAM family was identified by PCR-RFLP analysis of the specific Rv0129c SNP. 9 Genomic deletions RD115, RD174 and RD-Rio and the IS6110 insertion specific to the LAM-RUS branch were detected using a PCR-based approach as described previously. [9] [10] [11] The Beijing B0/W148-cluster was identified based on the Rv2664-Rv2665::IS6110 insertion. 2 The Beijing 94-32 cluster (A0 cluster) was detected based on the specific two-locus signature (five copies in MIRU26 and eight copies in QUB26) as reported in Mokrousov et al. 12 for A0 cluster isolates. Variable number tandem repeat (VNTR) typing was performed as described by Supply et al.
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Statistics
A v 2 test was used to detect any significant difference between the two groups. Yates-corrected v 2 and P values were calculated with 95% CI at http://www.medcalc.org/calc/odds_ratio.php online resource.
Results
Patients, isolates and resistance
This population-based study included patients with newly diagnosed TB in northern Estonia enrolled within a 1 year period in 2014 (n " 96). Sixty-five were male and 31 were female. The mean age was 48 years (range " 24-91 years; SD " +13.7). The first available isolate from each patient was included in the microbiological and molecular study. Three isolates were excluded owing to repeated PCR failure, thus the further analysis was done on the collection of 93 isolates (Table 1) . Among the possible risk factors (HIV coinfection, prison history, alcohol abuse), the latter was most frequently found (42 of 93).
By country of birth, most patients were born in Estonia (n " 73), nine in Russia, four in Ukraine, two in Belarus, two in Kyrgyzstan, one in Gambia and one in Lithuania. In other words, all but one represented the FSU. One patient from Gambia was infected with Mycobacterium africanum, which is known to be endemic in West Africa. Stratification of results by country of birth would not be informative because only the Gambia-born patient had lived in Estonia for only 1-2 years. Other foreign-born patients had lived for .5 years in Estonia. As they were newly diagnosed it is more likely that they were infected with a local Estonian strain rather than had a reactivation of the latent isolate brought from abroad.
Phenotypically, 52 of 93 isolates were pan-susceptible while 21 were MDR. No XDR isolates were identified, but eight isolates were pre-XDR. Three of them were MDR and ofloxacin-resistant, and five were MDR and resistant to kanamycin, capreomycin and/ or amikacin.
Analysis of the major gene targets associated with drug resistance revealed a strong correlation between presence of mutation and resistant phenotype for the two key first-line drugs, rifampicin and isoniazid, and second-line ofloxacin (Table 1) . In particular, all rifampicin-and ofloxacin-resistant isolates harboured a mutation in the targeted genes. One isoniazid-resistant isolate had no mutation in inhA and katG, and resistance was apparently due to the presence of other mutations not included in the molecular assay. The isoniazid resistance mechanism is known to be quite complex and multiple genes may be involved. In two cases, a phenotypically susceptible isolate harboured a drug resistance mutation: one was ofloxacin susceptible and one was ethambutol susceptible. The latter kind of discrepancy is not unusual and the controversial role of the embB306 mutations with regard to ethambutol resistance and MDR has been described previously. 14, 15 Along with high sensitivity of the molecular methods to predict drug resistance, we also note a high homogeneity of the detected mutations in rpoB and katG. All katG mutations were in codon 315 (AGC . ACC) and all but one rpoB mutation were in codon 531 (TCG . TTG).
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M. tuberculosis genotypes
To outline the population structure at the M. tuberculosis family/ subfamily level, the isolates were analysed by several genotyping methods. As a first step, they were subdivided into the Beijing genotype and non-Beijing groups, and the latter were subjected to spoligotyping. In addition, Beijing and LAM isolates were tested for major clonal clusters and phylogenetic sublineages known to be of epidemiological and/or clinical relevance. Spoligotyping profiles of the non-Beijing isolates were assigned to the particular families/ clades based on comparison with the SITVIT_WEB database with correction for certain families based on expert knowledge of robust molecular signatures. The genotypes and clusters were compared for drug resistance pattern and patient-related features. Table 2 shows summarized information on genotypes and subtypes (the T family is not shown separately because it is a polyphyletic group).
The 39.8% (37 of 93) of M. tuberculosis isolates were assigned to the Beijing genotype; the Beijing B0/W148 cluster was identified in 59.5% (22 of 37) of Beijing isolates. Russian/Central Asian Beijing type 94-32 were found in 7 of 37 Beijing isolates, and ancient Beijing isolates in 2 of 37 Beijing. The pre-XDR phenotype was found in eight isolates, of which six were B0 of W148 and two were the 94-32 type. MDR was found in 22.8% (21 of 92) of isolates and only in Beijing genotype isolates. MDR was more prevalent among Beijing B0/W148-cluster isolates (81.8%; 18 of 22) compared with other Beijing types (20.0%; 3 of 15; P " 0.0007).
An increased prevalence of the B0/W148 isolates in high-risk population groups might indicate their increased transmission capacity. However, we did not find any marked bias in prevalence of B0/W148 in any risk group (Table 2) although indeed B0/W148 isolates compared with all other genotypes had higher rates among former prison inmates (6 of 22 versus 12 of 71) and alcoholics (12 of 22 versus 30 of 71) although non-significantly (P " 0.28 and P " 0.31, respectively).
This study enrolled newly diagnosed patients, and a very high rate of MDR among Beijing B0/W148 isolates (81.8%) could in principle be due to the active transmission of a single clone. However, it should be noted that the B0/W148 cluster includes very closely related isolates that are virtually indistinguishable by 24-MIRU-VNTR typing (as we previously showed for these isolates circulating in the neighbouring Russian regions 2, 12 ). WGS would be required to adequately differentiate these isolates, but it was beyond the scope of this study. 
MDR Mycobacterium tuberculosis in Estonia
JAC
Among 55 non-Beijing isolates, 30 spoligotypes (SIT) of different genetic lineages were identified: T (16.3% of the whole collection), LAM (12%), Ural (11%), Haarlem (10%), X (2%) and unclassified (3%). Four isolates had new spoligotypes not found in SITVIT_WEB. One isolate (SIT326) was defined as M. africanum. The 14.5% (8 of 55) of non-Beijing isolates were resistant to streptomycin (n " 5), isoniazid (n " 1), rifampicin (n " 1) and streptomycin ! isoniazid (n " 1); none was MDR.
The number of non-Estonia-born patients was rather small (20 of 93). Furthermore, they all lived in Estonia for more than 5 years and a comparison of the FSU-born versus Estonia-born would not be justified. However, we considered it meaningful to compare within the Estonia-born group depending on age: (i) those born in 1980 and before, i.e. infected during active human exchange with FSU versus (ii) those born in 1981 and after, i.e. infected already in independent Estonia and under reduced exchange with/influx from FSU (Table 3) . Some of such comparisons showed different, opposite trends, but owing to the small sample size of those born in Estonia after 1980, this difference was not significant. In particular, the prevalence was higher for nonBeijing genotypes in the 'older' (40 of 60) versus 'younger' (5 of 13) group. Although this difference was non-significant (P " 0.06), this may reflect the onset of active dissemination of the Beijing isolates in Estonia only in the last two decades.
Interestingly, in the group of patients born before 1950, only one (born in Kyrgyzstan) was infected with a Beijing genotype isolate (B0/W148 type) while other patients were born in Estonia (seven), Russia (one) or Ukraine (one) and represented genotypes T (three), Haarlem (three), LAM (two) and Ural (one). However, Beijing B0/W148 is found in central Asia, Kyrgyzstan included, at 2%-3% at most (reviewed by Mokrousov 2 and Skiba et al.
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). Thus, it is more likely that this patient was infected with a B0/W148-cluster isolate already in Estonia; hypothetically, he/she may have been infected during a likely stay in Russia although this kind of information was absent in the epidemiological record.
Discussion
Drug resistance of M. tuberculosis genotypes in Estonia
Drug resistance was unequally distributed across the families and clonal groups in the studied collection. All three major non-Beijing genotypes (LAM, Haarlem and Ural) were mainly susceptible, with mainly single monoresistant isolates (Table 2 ). In contrast, the Beijing genotype was dominated by MDR isolates (21 of 37). An even stronger prevalence of MDR was noted in the Beijing B0/W148 cluster (17 of 21) whereas no monoresistant or susceptible isolates were found. The situation with MDR prevalence is similar to 20 years ago when all Beijing B0/W148 isolates were drug resistant, 60% of other Beijing isolates were drug resistant (now it is 75%) and the non-Beijing genotypes were mainly susceptible (14% drug resistance rate in both 1994 and 2014). In the Russian spondylitis study the B0/W148 cluster included 29% of the Beijing isolates and 87% of them were MDR and none was susceptible. 17 Altogether, even compared with other Beijing isolates in the FSU, the Beijing B0/W148 cluster is remarkable in its degree of multidrug resistance as shown by meta-analysis of studies in the FSU countries, 2 and its increasing trend in Estonia is alarming. The high prevalence of certain drug resistance mutations known to be of low fitness cost should be noted (Table 1 ). In practical terms, this demonstrated their utility to serve as specific and sensitive molecular markers of isoniazid and rifampicin resistance in Estonia. This situation resembles that in the neighbouring Russian province of Pskov where the rpoB531 mutation was found in 19 of 21 rifampicin-resistant Beijing genotype isolates in a recent study. 18 At the same time, the earlier Russian study in neighbouring St Petersburg in 1997-2002 revealed a somewhat lower prevalence of this mutation (77%). 19 Overall, population structures in neighbouring Estonia and Pskov are quite similar (Figure 1 ), but in Pskov, rifampicin-resistant and MDR isolates were found in two major genotype families, Beijing and LAM (although in the latter, rpoB516 mutations were prevalent). On the other hand, the high rate of this mutation in rpoB531 in Beijing isolates is not a unique feature of this genotype. For example, a study in Bulgaria found a high rate of this mutation in the rifampicin-resistant isolates of different (non-Beijing) genotypes and it was hypothesized that this mutation rpoB S531L might correlate with some specific features of the national TB control programmes, e.g. the quality of the drugs used. 20 
History and geography of M. tuberculosis genotypes in Estonia
Reanalysis of the previous studies published 20 years ago in light of current knowledge, along with methodological approach used in the present study, permitted us to compare our data with previous results 3 and the SITVIT_WEB database. In particular, the genotype families were assigned based on current knowledge and only partly using SITVIT_WEB rules, although some limitations were inevitable. For example, Krüüner et al. 3 showed spoligotypes only for 'representative' isolates from different IS6110-RFLP clusters and it was not possible to reliably assess the T and Haarlem families.
Analysis of the geographic distribution of the major genotype families found in this study, and in the neighbouring countries/ regions in this part of Europe 18,21-25 revealed a certain trend although a different study design requires caution in interpretation (Figure 1 ). In particular, high prevalence of the Beijing genotype in most settings should be noted, although these isolates in the foreign-born group in Finland may have different and more diverse Vyazovaya et al.
origins compared with the Baltic countries and Russia. In addition, the LAM family appears to present a stable and somewhat lower rate in Estonia compared with Latvia and neighbouring Russian regions.
Regarding dynamic changes within Estonia, we compared our data with the situation 20 years ago. 3 This showed an increase of Beijing genotype from 29.2% [61 of 209 in 1994 to 39.7% (37 of 93) in 2014, but non-significantly (P " 0.07)]. However, particular Beijing subtypes showed different trajectories as detailed below.
In the present study, the major Beijing subtype B0/W148 (Mlva15-9 type 100-32) previously designated as a 'successful Russian clone' was found in 22.6% of the entire collection, which is similar to the recent nationwide study (19.5%) . 4 In 1994 in Estonia, the B0/W148 prevalence rate was 7.6%. Thus there is a clear increase in its prevalence in Estonia [16 of 209 versus 21 of 93; P " 0.0005; OR " 0.284 (95% CI " 0.140-0.575)]. In the Russian regions bordering Estonia, the prevalence of B0/W148 in recent years was reported as 8% in Pskov and 13% in St Petersburg and 19% in the more distant Karelia, mainly in patients with pulmonary TB. In a spinal TB study in European Russia, B0/W148 was identified in 22%. 17 It may be noted that the rate of B0/W148 was higher in Estonia than in Pskov and St Petersburg, but the absolute prevalence values were higher in Russia, owing to the higher incidence (see the WHO estimations).
Similarly, the other important Beijing cluster 94-32 prevalent in both Russia and FSU Central Asia and named the Central Asian/ Russian strain 16, 17, 26, 27 remains at a low prevalence in Estonia, at the rate of 7.5% in this study and in 3.3% in the study of Toit et al. 4 An active spread of 94-32 in Russia could have only started after 1991 and thus this strain had less opportunity to be imported to Estonia.
Finally, isolates of the ancient sublineage of the Beijing genotype remain sporadic in this part of Europe. Two ancient Beijing isolates (5.4%, of 37 Beijing strains) were found in this study. This is similar to 5% in north-western Russia in the early 2000s 28 and 6.2% in a recent study in the European part of Russia. 17 In spite of the prevalence of the notorious and hazardous Beijing isolates, the emerging clones in eastern Europe and the FSU expand far beyond the Beijing family and the non-Beijing isolates should not be underestimated. These are the LAM and Ural families and their intriguing subtypes. The Ural genotype isolates (11% in this study) were represented by two spoligotypes, SIT35 (n " 2) and SIT262 (n " 8). Compared with the situation 20 years ago (Koivula/SITVIT_WEB), the Ural group was present at the similarly low prevalence of 11%, but showed more diversity, while SIT35 and SIT2622 included two and three isolates, respectively. Thus, in the Ural group, we note both a decreasing diversity and increasing prevalence of SIT262 (8 of 93 versus 3 of 119) although at a nonsignificant level [P " 0.06; OR " 3.6392 (95% CI " 0.9377-14.1241)]. However, all Ural isolates, except for one polyresistant SIT262 isolate, were susceptible. Accordingly, SIT262 appears transmissible rather than an MDR-prone clone, at least in Estonia. Indirectly, this highlights the exceptional capacity of the Beijing B0/W148 strain circulating in the same country, under the same TB control programme and in the same human population, to rapidly develop drug resistance.
In contrast, more recently emerged MDR-associated LAM types SIT252 and SIT266 29, 30 were absent in the studied collection, but evolutionary older and more widespread types SIT254 and SIT264 were present. As hypothesized regarding Beijing 94-32, it may be possible that SIT252 and SIT266 emerging in central Russia and Belarus, respectively, have started their dissemination in the last two decades and had less time/chance to be brought to Estonia.
Conclusion
Our data suggest that the major pool of the Beijing isolates was imported to Estonia before 1990 during the Soviet period of its history. However, an active circulation of the most hazardous MDRassociated Beijing B0/W148 cluster ('successful Russian strain' 2 ) started only in the last 20 years in independent Estonia. Absence or low prevalence of some recently emerging Russian subtypes (Beijing type 94-32, LAM SIT252) in the studied collection may be due to the significantly reduced human influx from Russia during the last 25 years. Both the direction and volume of human Figure 1 . Distribution of the major genotype families of M. tuberculosis strains in Estonia and neighbouring regions assessed in this and previous studies. Information on Estonia in the 1990s was based on re-estimation of data from Krüüner et al. 3 and SITVIT_WEB. In particular, from Krüüner et al., migration appear to be crucial factors in the global and regional spread of M. tuberculosis and should be taken into consideration by national TB control programmes. Whereas no dramatic shift for Beijing and non-Beijing genotypes occurred in the M. tuberculosis population in Estonia in the last 20 years, the changes at the subtype level are alarming. First, a significantly increased circulation of the MDR-associated Beijing B0/W148 cluster isolates and the increasing proportion of drug resistance among other Beijing isolates present the main threat to the TB control programme in Estonia. Similarly, growing circulation of the Ural family isolates of spoligotype SIT262, albeit susceptible, requires caution.
The situation of overwhelming prevalence of the low fitness cost mutations rpoB531 and katG315 in the MDR-associated isolates of the Beijing genotype requires special attention, in particular with regard to early case identification and improved epidemiological surveillance.
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